Objectives-Adipocyte differentiation-related protein (ADRP)-containing lipid droplets have an essential role in the development of insulin resistance and atherosclerosis. Such droplets form in a cell-free system with a diameter of 0.1 to 0.4 m, while the droplets present in cells vary in size, from small to very large, suggesting that the droplets can increase in size after being assembled. We have addressed this possibility. Methods and Results-Experiments in NIH 3T3 cells demonstrated that the lipid droplets could increase in size independently of triglyceride biosynthesis. NIH 3T3 cells were either microinjected with ADRP-GFP (green fluorescent protein) or stained with Nile Red and followed by confocal microscopy and time-lapse recordings. The results showed that lipid droplets formed complexes with each other, with a volume equal to the sum of the merging particles. The formation of complexes could be inhibited by the nocodazole-induced depolymerization of the microtubules; thus, the process is dependent on microtubules.
C ytosolic lipid droplets are organelles involved in the storage and turnover of triglycerides and cholesterol esters. Excessive accumulation of triglycerides, particularly in the liver and skeletal muscle, is associated with metabolic disorders such as insulin resistance and type 2 diabetes, 1,2 with a strongly increased risk of cardiovascular diseases. Moreover, the accumulation of lipid droplets in macrophages is a key feature of both early and late stages of the atherosclerotic lesion. 3 The PAT domain protein 4, 5 ADRP (adipocyte differentiation-related protein) both promotes the formation of lipid droplets 6 (L.A., P.B., M.R., J.E., Marchesan D, Magnusson B, Ruiz M, P.H., Asp L, M.A.F., J.B., S.-O.O., unpublished data, 2005) and is an important constituent of the lipid droplets formed in liver, muscles, 8 and macrophages. 9 Thus, ADRP-containing lipid droplets are important in the pathogenesis of these diseases. In addition, lipid droplets have been proposed to have a central role in the inflammatory response, 10 which may further link the structures to the development of both insulin resistance and atherosclerosis. 11 Phospholipase D (PLD), which catalyzes the conversion of phosphatidylcholine to phosphatidic acid, promotes the assembly of ADRP-containing lipid droplets from intracellular membranes 12 12 whereas the mature droplets present in a cell can be more than 10 to 50ϫ larger (even larger in adipocytes) and vary considerable in size, indicating that the primordial lipid droplets increase in size after being formed. This increase appears to be an important step in the process leading to the accumulation of cytosolic lipid droplets in the cell.
In this article we have investigated the assembly of cytosolic lipid droplets, focusing on the mechanism by which they increase in size. We demonstrate that lipid droplets can grow in size by a process that is independent of triglyceride biosynthesis and involves the formation of complexes between the droplets.
Materials and Methods
For detailed Materials and Methods, please see the supplemental information available online at http://atvb.ahajournals.org.
Results

Newly Assembled ADRP-Containing Lipid Droplets Can Increase in Size
droplets observed after Oil Red O staining were 0.35 m in diameter. However, when these cells were incubated with oleic acid for increasing periods, the smallest droplets decreased in number, and larger droplets (Ͼ3 m in diameter) formed ( Figure 1A ). To test the possibility that lipid droplets grow in size after being assembled, NIH 3T3 cells were pulsed with oleic acid for 2 hours and chased for 2 hours in the presence of 20 mol/L triacsin C, a potent inhibitor of the triglyceride biosynthesis. Under these conditions, insignificant amounts of radiolabeled fatty acids were incorporated into triglycerides ( Figure I , available online at http://atvb. ahajournals.org). After the pulse, the greatest proportion of lipid droplets were of small size (Ͻ 3 m) (Fraction I in Figure 1B Imaging experiments with live NIH 3T3 cells after incubation with oleic acid showed that the droplets can form complexes with each other. This complex formation was observed in Ͼ20 experiments. The formation of typical complexes is shown in detail in two-dimensional (2D) images and in 3D reconstructions (Figures 2 and 3 ; Figure 1 . Assembled lipid droplets increase in size with time. A, NIH 3T3 cells were incubated with oleic acid for the indicated periods and stained with Oil Red O. The size of the stained droplets was measured, and the percentages of droplets with a diameter Ͻ3 m (squares) or Ͼ3 m (triangles) were plotted. B, NIH 3T3 cells were pulsed with oleic acid for 2 hours (squares) and chased in the presence of 20 mol/L triacsin C for 2 hours (triangles). The size distribution of the Oil Red O-stained lipid droplets was determined after the pulse and chase. Double arrows indicate the two fractions (I and II) analyzed in C (I, the small droplets present after the pulse; II, The larger droplets generated during the chase). C, Distribution of the total area of Oil Red O-stained lipid droplets between fraction I (major size droplets formed during the oleic acid pulse, see B) and fraction II (the larger droplets) after the oleic acid pulse (Pulse) and the triacsin C chase (Chase) (meanϮSD, nϭ3; Fraction I, Pϭ0.033; Fraction II, Pϭ0.038; t test). Movies I through X, available online at http://atvb. ahajournals.org).
In Figure 2A , NIH 3T3 cells were microinjected with ADRP-GFP. After 2 hours, the fluorescent protein was associated with discrete droplets. The cells were then followed by time-lapse photography at 30-second intervals. The results show two events marked with blue-yellow and greenred arrows in Figure 2 The green-red arrows show an event in which a smaller droplet ( Figure 2A , green arrow) moves toward the center of the cell to be adsorbed on the surface of a larger droplet ( Figure 2A , red arrow) and disappears (see also Movie I). Figure 2B shows a close-up of the event (see also Movie IV). The 3D reconstruction ( Figure 2C ; Movie V) shows that the small droplet did not disappear behind the larger one, but instead interacted with it and was absorbed by it. Thus, the two droplets were replaced by one.
In the second experiment ( Figure 3A) , the neutral lipids in the cytosolic lipid droplets were stained with Nile Red and the cells were followed by time-lapse photography at 30-second intervals. The green and red arrows point to 2 closely localized droplets that are eventually replaced by a complex with one fluorescent center ( Figure 3A ; Movie VI). A close-up of the event is shown in Figure 3B and 3C. The 2 droplets adhered to each other ( Figure 3B , recording 5) and were replaced by 1 droplet with a homogenous distribution of fluorescence ( Figure 3B , recordings 7 to 9; Movie VII). The 3D reconstruction ( Figure 3C ; Movie VIII) shows that 1 droplet did not simply disappear under the other into a different confocal plain. Instead, the 2 droplets interacted ( Figure 3C , recording 4); they clearly adhered to each other ( Figure 3C , recordings 5 and 6) and were connected by a "waist-like" structure that disappeared when the 2 droplets were replaced by a single droplet ( Figure 3C , recording 7).
The complexity of the complex-forming process is illustrated in Figure III The volume of the droplets formed was almost identical to the expected volume (the sum of the volumes of the starting droplets). The difference was 6Ϯ19% (nϭ20 formed complexes) of the expected volume.
The Formation of Lipid Droplet Complexes Is Microtubule-Dependent
To begin to investigate the mechanism behind the formation of the complexes, we investigated whether the microtubule system is involved. The cells were incubated with oleic acid for 2 hours and chased for 0 or 2 hours in the presence of triacsin C with and without nocodazole, which at 2 g/mL destroyed microtubules ( Figure 4A ). In the absence of nocodazole, the proportion of lipid droplets within Fraction I decreased ( Figure 4B ; compare with Figure 1B and 1C), and there was a compensatory increase in larger particles (Fraction II; Figure 4B ; compare with Figure 1B and 1C). In the presence of nocodazole, however, the particle distribution was unchanged ( Figure 4B and 4C). Cells chased in the presence of triacsin C differed from those chased in the We also carried out time-lapse studies after microinjection of ADRP-GFP or after staining of the cells with Nile Red and let the computer identify all fusions that occurred over 5 minutes. Treatment with nocodazole reduced formation of complexes by 88Ϯ5% (nϭ3) in the Nile Red-treated cells. The corresponding mean decrease in 2 ADRP-GFP experiments was 67%. Thus, nocodazole inhibited the formation of complexes between lipid droplets, indicating that both this process and the growth of lipid droplets are dependent on the microtubule system.
Next, we examined ADRP-containing droplets for the motor protein dynein. Cells were transfected with ADRP-GFP, and the chimeric protein was isolated by immunoprecipitation in the absence of detergents (to preserve droplet structure). As shown by immunoblotting, ADRP coprecipitated with dynein ( Figure 4D ), suggesting that the ADRPcontaining droplets could be transported on microtubules by this motor protein.
Finally, we assessed the effect of vanadate, which blocks ATPase activity among that of dynein, on the assembly and fusion of lipid droplets in NIH 3T3 cells. Vanadate reduced the amount of Oil Red O-stained lipid droplets, supporting the possibility that the interaction between motor proteins and microtubules has a central role in the formation of the droplets ( Figure 4E ). In the experiment shown in Figure 4F , NIH 3T3 cells were incubated with oleic acid in the presence of triacsin C (to prevent the biosynthesis of triglycerides; compare with Figure 4B ) and in the absence or presence of vanadate, and the sizes of the lipid droplets were measured. The results indicate that vanadate prevented the increase in size of the droplets.
To study the adhesion process in greater depth, we established a cell-free system. NIH 3T3 cells in separate dishes were transfected with ADRP-GFP or incubated with [
3 H]-palmitic acid to label triglycerides. Homogenates from both dishes were then coincubated and immunoprecipitated with antibodies to GFP using Dynabeads, and labeled triglycerides were recovered. ADRP-GFP precipitated Ϸ30% of the [ 3 H]-labeled triglycerides from the second cell homogenate; nonspecific binding (to a nonimmune Ig) was 6% ( Figure 5A ). This indicates that droplets from ADRP-GFP-labeled cells had formed complexes with droplets from [ 3 H]-labeled cells. When the incubation was carried out in the presence of 1 mmol/L calcium, 63% of the radioactivity could be precipitated with the GFP antibody, but nonspecific precipitation was unchanged ( Figure 5A ). Thus, complex formation was calcium-dependent. There was also an increase in the amount of immunoprecipitable radiolabeled triglycerides when the cell-free system was treated with Mg 2ϩ ; however, the increase was twice as high when Ca 2ϩ was used. This points to a specific effect of Ca 2ϩ . To verify that ADRP-GFP complexed with the droplets from the second cell homogenate carried triglycerides, we performed double labeling experiments ( Figure 5B ). Cells in the first dish were transfected with ADRP-GFP and labeled with [ Next, we addressed the importance of microtubules and motor proteins in the cell-free system. Incubation of cell homogenates in the presence of nocodazole completely inhibited complex formation ( Figure 5C ; compare with the nonspecific binding in Figure 5A ). To investigate whether the cell-free system contained organized microtubules, we analyzed the tubulin in the homogenate by immunofluorescence. The results ( Figure 5D ) demonstrated the presence of polymerized microtubules. Treatment of the system with nocodazole depolymerized the microtubules ( Figure 5E ). These results clearly demonstrated that intact microtubules were essential for the merging of droplets in the cell-free system.
To determine whether microtubules were important for complex formation or for keeping the complex together, we investigated the effect of conditions that depolymerized microtubules before and during the immunoprecipitation (ie, after the incubation). Decreasing the temperature to 4°C, which rapidly depolymerizes microtubules, failed to influence the recovery of the droplet complex; the ratio between complexes isolated by immunoprecipitation at 4°C and under control conditions was 0.90Ϯ0.18 (nϭ6). Immunofluorescence verified that the microtubules had been depolymerized by the ϩ4°treatment (not shown). Addition of nocodazole after the incubation but before the immunoprecipitation yielded a similar ratio between treated and control cells (0.93Ϯ0.26; nϭ3). These results, together with the observation that the complex formation was completely inhibited when nocodazole was added during the incubation, indicate that microtubules participate in the formation, but not in the stabilization, of the lipid droplet complexes.
Next, we assessed the effect of calcium and vanadate on the interaction between droplets and microtubules in the cell-free system. Ca 2ϩ (1 mmol/L) increased the amount of dynein that coprecipitated with ADRP ( Figure 5F ), suggesting that the calcium dependence reflects the importance of the interaction between lipid droplets and microtubules. Vana- , ADRP-GFP-containing lipid structures were recovered by immunoprecipitation as described in A, and the retained fraction was blotted against antibodies to dynein.
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Assembly of Cytosolic Lipid Dropletsdate (10 mol/L, with 1 mmol/L Ca 2ϩ ) reduced the recovery of labeled triglycerides during the immunoprecipitation from 64.5Ϯ10.5% (nϭ11) to 44.6Ϯ13.4% (nϭ3; PϽ0.017, t test), indicating decreased formation of lipid droplet complexes.
The Rate of Complex Formation
To assess the quantitative importance of the formation of lipid droplet complexes, we used the computer program to identify all complexes that were formed in four 5-minute time-lapse experiments and that met the following criteria: (1) the volume of the droplet formed was at least equal to, but did not exceed by more than 50%, the sum of the volumes of the two substrate droplets; (2) the substrate droplets were clearly identifiable and not more than 3.5 m apart at time points before the complex formation; and (3) the droplet formed was present at the next time point and had not changed in volume. All formation of complexes identified by the program was confirmed manually by analysis of 2D and 3D images.
The formation of complexes was more frequent when the droplets were smaller and more abundant and became less frequent as the droplets become larger and less abundant ( Figure IV , available online at http://atvb.ahajournals.org). Thus, the number of lipid droplets was linearly related to the frequency of complex formation (rϭ0.76). The sizes of the droplets that formed complexes with each other were not correlated (rϭ0.24), indicating that droplets of any size can form complexes with each other.
Discussion
In this article, we present for the first time results indicating that lipid droplets increase in size by a process that is independent of triglyceride biosynthesis. Time-lapse recordings and confocal microscopy of NIH 3T3 cells microinjected with ADRP-GFP or stained with Nile Red indicated that fusion between the droplets could explain this increase in size. The process is dependent on intact microtubules.
An understanding of the mechanism behind the assembly of cytosolic lipid droplets is of utmost importance for our understanding of the metabolic diseases of the twenty-first century: insulin resistance, type II diabetes, and cardiovascular diseases. The droplets of most direct importance for these diseases are formed in liver, muscles, and macrophages. Such droplets contain the PAT protein 4,5 ADRP, 8, 9 which has a central role in their assembly 6 . Accumulation of ADRP-containing lipid droplets in liver and muscle is essential for the development of insulin resistance, one of the major risk-factors in cardiovascular disease. 1,2 Moreover, ADRPcontaining droplets are present in the lipid-loaded macrophages, 9 which are the first sign of atherosclerosis and which become landmarks of the atherosclerotic lesion. 3 Indeed, the rate of formation of such ADRP-containing droplets is related to the efflux of lipids from the macrophages, 13 because overexpression of ADRP both increases the assembly of the droplets 6 13 However, there are other links between the accumulation of lipid droplets and metabolic diseases such as the cardiovascular diseases. Thus, the build-up of a store of neutral lipids is part of the lipotoxicicity that has an important role in the development of type II diabetes and the cardiovascular diseases. 14 -16 Moreover, it is well known that inflammation has a central role in the development of atherosclerosis, 11 and it has been demonstrated than inflammation drives the assembly of lipid droplets (see Bandeira-Melo et al 10 for review). Thus, an inflammatory stimulus very rapidly increases the amount of droplets in the cell. 10 A key role for lipid droplets in the inflammatory response is also suggested by the observation that the enzymes involved in the production of eicosanoids appear to be localized around these droplets. 10, [17] [18] [19] Thus, without any doubt, information on how ADRP-containing lipid droplets are assembled is essential for the understanding of our most important metabolic diseases.
As mentioned, ADRP, which is a fatty acid binding protein, 20 has a central role in the assembly of lipid droplets; thus, overexpression of ADRP gives rise to an increase in the formation of droplets 6 Another key factor in the assembly of lipid droplets, originally found to be a cytosolic activator of lipid droplet assembly, 12 The results from studies in a cell-free system indicated that the newly assembled lipid droplets had a size between 0.1 and 0.4 m. 12 Small droplets were also detected in cells both after subcellular fractionation 12 and by microscopy after Oil Red O staining (this study); however, it is well known that the cells also contain much larger droplets, suggesting that the process by which lipid droplets are formed is complex and involves a second step in which the "primordial" droplets can grow in size. In this article, we have demonstrated that such growth can occur without ongoing triglyceride biosynthesis. One reason for this was elucidated by in vivo imaging studies, which demonstrated that 2 droplets could form a complex with each other, giving rise to a larger droplet with homogenous fluorescence. The 3D reconstructions excluded the possibility that 1 droplet simply disappeared from the confocal plane, revealing instead an intermediate waist-like struc-ture that connected the droplets and disappeared when the 2 droplets were replaced by a single droplet. Moreover, the volume of the droplet formed was very close to the sum of the volumes of the substrate droplets. Together, these results indicate that two droplets are replaced by one, ie, they fuse with each other, to form a larger droplet.
Nocodazole inhibited the fusion of the droplets, indicating a dependence on microtubules. In several cases, we observed that lipid droplets are transported toward the center of the cell, suggesting dynein-mediated transport on microtubules. Consistent with this notion, ADRP-containing droplets also contained the motor protein dynein. An involvement of dynein is also supported by the observation that vanadate, which inhibits the ATPase of the motor proteins, prevented the droplets from growing in size. However, when evaluating these results it should be kept in mind that vanadate has a rather unspecific effect. Moreover, in many cases we could not observe an unequivocal central transport of the droplets before the complex was formed. Instead, they seemed to be localized close to each other before they fused. This suggests that the microtubules are not only important for long-distance transport, but also for the process by which the droplets are brought so close together that the fusion machinery can start working. This is supported by the observations in the cell-free system, which verifies the importance of microtubules in the formation of complexes but argues against the idea that they keep the droplets together after the complex has been formed. The importance of microtubules and motor proteins for the transport of cytosolic lipid droplets is in agreement with observations in Drosophila. 21 Our results indicate that the fusion process seen in intact cells can be reconstructed in the cell-free system. Such a system will be very useful when evaluating the molecular background to the fusion process. Indeed, the lipid droplets contain proteins that may affect the process through their involvement in sorting processes (the Rab proteins) 22, 23 and fusion events (␣-SNAP). 22 The rate of merging events varied, and droplets of any size could form complexes with each other. This makes it difficult to estimate how long it would take for a large droplet to form. A conservative estimate based on our results would suggest that a lipid droplet with a diameter of 4 m could be assembled in Ͻ10 minutes. Thus, the fusion between droplets is a quantitatively important mechanism in the formation of larger lipid droplets.
In summary, lipid droplets can increase in size by a mechanism that does not involve triglyceride biosynthesis but is based of the fusion of the droplets with each other. The process requires microtubules and, most likely, the motor protein dynein.
